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Uplift and erosion in the Himalaya 


Materials within the Himalaya are rising due to convergence between India and Asia. If the rate 
of erosion is comparable to the rate of uplift the mean surface elevation will remain constant. Any 
slight imbalance in these two processes will lead to growth or attrition of the Himalaya. 

The process of uplift of materials within the Himalaya coupled with surface erosion is similar to 
the advance of a glacier into a region of melting. If the melting rate exceeds the rate of downhill 
motion of the glacier then the terminus of the glacier will receed up-valley despite the downhill 
motion of the bulk of the glacier. Thus although buried rocks, minerals and surface control points 
in the Himalaya are undoubtably rising, the growth or collapse of the Himalaya depends on the 
erosion rate which is invisible to geodetic measurements. 

Erosion rates are currently estimated from suspended sediment loads in rivers in the Himalaya. 
These typically underestimate the real erosion rate since bed-load is not measured during times of 
heavy flood, and it is difficult to integrate widely varying suspended load measurements over many 
years. An alternative way to measure erosion rate is to measure the rate of change of gravity in a 
region of uplift. If a control point moves vertically it should be accompanied by a reduction in 
gravity as die point moves away from the Earth’s center of mass. There is a difference in the 
change of gravity between uplift with and without erosion corresponding to the difference between 
the free-air gradient and the gradient in the acceleration due to gravity caused by a corresponding 
thickness of rock. Essentially gravity should change precisely in accord with a change in elevation 
of the point in a free-air gradient if erosion equals uplift rate. 

We were funded by NASA to undertake a measurement of absolute gravity simultaneously with 
measurements of GPS height within the Himalaya. Absolute gravity is estimated from the change 
in velocity per unit distance of a falling comer-cube in a vacuumTime is measured with an atomic 
clock and the unit distance corresponds to the wavelength an iodine stabilised laser. Since both 
these are known in an absolute sense to 1 part in 10 10 it is possible to estimate gravity with a 
precision of 0.1 |igal. Known systematic errors reduce the measurement to an absolute uncertainty 
of 6 pgal. The free air gradient at the point of measurement is typically about 3 jigals/cm. At 
Simikot where our experiment was conducted we determined a vertical gravity gradient of 4.4 
|igals/cm. 

The accompanying report records the experiment that we undertook in the Himalaya in 1991. 
The site description is provided together with a description of the instrument. The measured value 
of gravity at Nagarkot is 978494834.7±6.7 pgals. It is our intention to remeasure this point in 
1993 or 1994. 
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ABSOLUTE GRAVITY, Nagarkot, Nepal 1991 

NGS Rockville Md: Dan Winester, Jack Fried and Brent Bernard 

Survey of Nepal: Laxman Shrestha and Gajanan Adiga 

Coordinated by: Roger Bilham, Jim Faller and Buddhi N. Shrestha 

Summary of measurements 

The purpose of measuring absolute gravity in the Himalaya was to establish a reference datum 
for the loci gravity network in Nepal and to establish points that may be remeasured to reveal 
changes of elevation in future years. The original plan was to measure absolute gravity at three 
locations: in the Greater Himalaya, in the Lesser Himalaya and in the Terrai bordering the northern 
plains of India. Each absolute gravity point was scheduled to be co-located with a GPS control 
point so that an independent estimate of vertical deformation might be possible. 

The plan we adopted differed in three ways from the above: 

1) One absolute-g site only was measured at Nagarkot (FAGS-1). The corrected value of the 
FAGS-1 indoor point at ground level for the period 3/30/91-4/2/91 is 978494834. 7±6. 7 (igal. 
The gravity gradient at floor level (zero to 0.43m) was 4.4194 pgal/cm. 

2) Relative ties were made to three GPS points: Nagarkot, Kathmandu airport and Simira 
Airport. The relative differences from FAGS-1 to these points are listed on the next page. 

The ties were undertaken using a pair of Model D LaCoste Romberg meters. For Nagarkot the 
GPS point is less than 10 m from the brick building where GPS measurements were made. The 
Kathmandu Airport tie was undertaken using road transport (multiple ties over the 33-km-long 1.5 
hour road linking Nagarkot to the capital). The Simira tie was made by flying several times 
between Simira and Kathmandu. The Model D gravimeter has just sufficient range to 
accommodate the gravity variation associated with the vertical change in height between Nagarkot 
and Kathmandu, and also the latitude change and vertical range combination between Kathmandu 
and Simira. 

3) The limited number of sites suitable for gravity measurements has resulted in no gravity 
measurements at points suspected to be rising in the Greater and Lesser Himalaya. Simira is south 
of the Lesser Himalaya and Kathmandu and Nagarkot lie between the Lesser and the Greater 
Himalaya. Future Model D or Model G gravimeter ties be made from Kathmandu airport to GPS 
points elsewhere in Nepal are needed to correct this limitation in the 1991 measurements. 

A removal truck was used to meet the several hundred pounds of equipment from the plane 
and to store the packaging at Nagarkot. The power at Nagarkot was found to be unreliable for the 
gravity measurements as was the portable generator used to provide backup power. Measurements 
for this reason were spread over a longer period than is usual. Air conditioning was requested for 
the gravimeter but was found to be unnecessary in Nagarkot. A decision to occupy only one point 
“absolutely” and the other points using Model D gravimeters was made because: 

a) the absolute gravimeter was damaged in transit to Kathmandu or on the road to Nagarkot and 
might have further been damaged by additional road transport. 

b) suitable temperature control from air conditioners was unavailable at the other selected sites, and 
an air conditioner would have had to have been trucked in from India together with a 15 kw 
generator. 

c) Power outages at Nagarkot reduced the time available for measurements at additional sites. 

The new gravity base stations provide a framework for the local Nepal gravity network. It is 
anticipated that future gravity measurements will extend this network throughout the country. The 
absolute accuracy of the 1991 measurements is ±6 (igals or approximately ±1.5 cm in elevation. 

Funding support for the measurements was provided by NASA grant NAGW-2704. 

A description of the JILA absolute gravimeter follows the observational data. 
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Dear Ro^er : 

Enclosed are gravity base station descriptions for^cccupieo 
sites in Nepal. h copv of these will oe sent to Buddhi onrestna. 

gravity value will be available from 
NAGARKOT FAG5-1 from floor to 53 cm 
floor to l*-0 cm is 0 . *+ 3 G 3 m g a l / m • 
at NAGARKOT FAG5-1 at the following 


The NAGARKOT FAGG-l absolute 
Dr. Feter. The gradients at 
is 0 » *+ •* 1 3 **■ m g a l / m and from 
Relative to the floor value 
gravity transfers : 


NAGARKOT G P j 
KATHMANDU J 
5 1 MARA J 
3 l MARA GPS 


0*591 ± 0.002 mgais 
+ 166*469 ± 0.005 
+ 363. 599 ± 0.017 
+ 363.706 ± 0.013 
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Dan iei w inester. Geodesist 
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JILA # 4 

ABSOLUTE GRAVITY DETERMINATION 
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ABSOLUTE GRAVITY STATION ORIENTATION DIAGRAM. 
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NGS ABSOLUTE GRAVITY OBSERVATIONS From aakath9 1 . 089 
This drop set has been previously processed for: 
three sigma acceptance limit 
gravitational tide correction 

DROP SET MEANS SUMMARY 
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# 
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10 dropsets weighted mean of red mode observations * 4 420.1 5 

7 dropsets weighted mean of blue mode observations = 4 400.7 5 

average of weighted red and blue means * 4 410.4 5 

average standard deviation of observation = 11.7 



NGS ABSOLUTE GRAVITY OBSERVATIONS From aakath9 1.089 
This drop set has been previously processed for: 
three sigma acceptance limit 
gravitational tide correction 

DROP SET MEANS SUMMARY 
OFFSET CORRECTED 
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910402042110 

978 

494 

409.6 

-.8 

# 

17 

215 

RED 

910402062136 

978 

494 

410.1 

-.3 



average 

of weighted 

red and blue means 

= 4 

410.4 

s.d. mean 


average standard deviation of observation = 11.7 



NGS ABSOLUTE GRAVITY OBSERVATIONS From aakath91 . 089 
This drop set has been previously processed for: 
gravitational tide correction 

DROP SET MEANS SUMMARY 


drop 

set 

num of 
drops 

laser 

mode 

mean 

date/ time 

mean grav 
(ugal) 

sd mean 
(ugal) 

sd obs 
(ugal) 

# 

1 

250 

RED 

910330152056 

978 

494 

428.8 

.9 

14 . 6 

# 

2 

250 

BLUE 

910330172055 

978 

494 

409.6 

.6 

9.1 

# 

3 

250 

RED 

910330192056 

978 

494 

427.6 

.6 

9.2 

# 

4 

250 

BLUE 

910330212101 

978 

494 

404.3 

. 5 

8 . 4 

# 

5 

250 

RED 

910330232055 

978 

494 

423.5 

.5 

8.2 

# 

6 

250 

BLUE 

910331012055 

978 

494 

402.8 

.7 

10.6 

# 

7 

250 

RED 

910331032056 

978 

494 

424.8 

.9 

14.6 

# 

8 

250 

RED 

910331072101 

978 

494 

425.2 

2.0 

32.4 

# 

9 

250 

RED 

910401142106 

978 

494 

413.0 

2.4 

38.0 

# 10 

250 

BLUE 

910401162101 

978 

494 

397.8 

2.5 

39.4 

# 11 

250 

RED 

910401182100 

978 

494 

415.6 

.5 

8.2 

# 12 

250 

BLUE 

910401202055 

978 

494 

395.4 

. 5 

8.7 

# 13 

250 

RED 

910401222055 

978 

494 

412.9 

. 5 

7.3 

# 14 

250 

BLUE 

910402002100 

978 

494 

394.1 

.8 

12.5 

# 15 

250 

RED 

910402022055 

978 

494 

417.9 

.8 

13.0 

# 16 

250 

BLUE 

910402042110 

978 

494 

401.0 

1.1 

18.0 

# 17 

250 

RED 

910402062136 

978 

494 

420.8 

5.6 

89.2 


10 dropsets weighted mean of red mode observations * 4 419.9 6.0 

7 dropsets weighted mean of blue mode observations = 4 401.8 5.5 

average of weighted red and blue means ■ 4 410.9 5.8 

average standard deviation of observation * 20.1 



NGS ABSOLUTE GRAVITY OBSERVATIONS From aakath9 1 . 089 
This drop set has been previously processed for: 
gravitational tide correction 

DROP SET MEANS SUMMARY 
OFFSET CORRECTED 


drop 

set 

num of 
drops 

laser 

mode 

mean mean grav 

date/time (ugal) 

residual 

(ugal) 

# 

1 

250 

RED 

910330152056 

978 

494 

419.7 

8.8 

# 

2 

250 

BLUE 

910330172055 

978 

494 

418.7 

7.8 

# 

3 

250 

RED 

910330192056 

978 

494 

418.6 

7.7 

# 

4 

250 

BLUE 

910330212101 

978 

494 

413.4 

2 . 6 

# 

5 

250 

RED 

910330232055 

978 

494 

414.4 

3.6 

# 

6 

250 

BLUE 

910331012055 

978 

494 

411.8 

1.0 

# 

7 

250 

RED 

910331032056 

978 

494 

415.7 

4.9 

# 

8 

250 

RED 

910331072101 

978 

494 

416.1 

5.2 

# 

9 

250 

RED 

910401142106 

978 

494 

403.9 

-6.9 

# 

10 

250 

BLUE 

910401162101 

978 

494 

406.9 

-4.0 

# 

11 

250 

RED 

910401182100 

978 

494 

406.5 

-4.3 

# 

12 

250 

BLUE 

910401202055 

978 

494 

404 . 5 

-6.4 

# 

13 

250 

RED 

910401222055 

978 

494 

403.8 

-7.0 

# 

14 

250 

BLUE 

910402002100 

978 

494 

403.2 

-7.6 

# 

15 

250 

RED 

910402022055 

978 

494 

408.8 

-2 . 0 

# 

16 

250 

BLUE 

910402042110 

978 

494 

410.1 

-.8 

# 

17 

250 

RED 

910402062136 

978 

494 

411.8 

.9 


average of weighted red and blue means * 4 410.9 s.d. mean — 5.8 

average standard deviation of observation = 20.1 



NGS ABSOLUTE GRAVITY OBSERVATIONS From aakath9 1.089 
This drop set has been previously processed for: 
three sigma acceptance limit 
gravitational tide correction 
local atmospheric pressure correction 

DROP SET MEANS SUMMARY 


drop 

num of 

laser 

mean 

mean grav sd 

mean 

sd obs 

set 

drops 

mode 

date/time 

(ugal) 

i (ugal) 

(ugal) 

# 1 

250 

RED 

910330152056 

978 

494 

430.6 

.9 

14.6 

# 2 

247 

BLUE 

910330172055 

978 

494 

411.0 

. 5 

8 . 6 

# 3 

249 

RED 

910330192056 

978 

494 

429.3 

.6 

9.0 

# 4 

248 

BLUE 

910330212101 

978 

494 

405.4 

.5 

8.1 

in 

** 

249 

RED 

910330232055 

978 

494 

425.0 

.5 

8 . 0 

# 6 

246 

BLUE 

910331012055 

978 

494 

404.4 

.6 

9.7 

# 7 

248 

RED 

910331032056 

978 

494 

426.8 

.9 

13.7 

CO 

=1* 

234 

RED 

910331072101 

978 

494 

427.6 

.9 

13.6 

# 9 

234 

RED 

910401142106 

978 

494 

417.2 

1.1 

16.1 

# 10 

237 

BLUE 

910401162101 

978 

494 

399.0 

.7 

10.2 

# 11 

250 

RED 

910401182100 

978 

494 

416.9 

.5 

8.2 

# 12 

248 

BLUE 

910401202055 

978 

494 

396.3 

.5 

8.3 

# 13 

247 

RED 

910401222055 

978 

494 

414.2 

.4 

6.8 

# 14 

236 

BLUE 

910402002100 

978 

494 

395.6 

.6 

8.9 

# 15' 

242 

RED 

910402022055 

978 

494 

420.1 

.6 

9.7 

# 16 

246 

BLUE 

910402042110 

978 

494 

401.8 

1.0 

16.2 

# 17 

215 

RED 

910402062136 

978 

494 

421.4 

2.0 

28.6 

10 dropsets weighted 

mean of 

red mode observations ■ 

4 421.5 

5. 

9 

7 dropsets weighted 

mean of 

blue mode observations * 

4 402.1 

5. 

5 


average < 

of weighted red and blue 

means - 

4 411.8 

5. 

7 


average standard deviation of observation — 11.7 



NGS ABSOLUTE GRAVITY OBSERVATIONS From aakath91.089 
This drop set has been previously processed for: 
three sigma acceptance limit 
gravitational tide correction 
local atmospheric pressure correction 

DROP SET MEANS SUMMARY 
OFFSET CORRECTED 


drop 

set 

num of 
drops 

laser 

mode 

mean mean grav 

date/ time (ugal) 

residual 

(ugal) 

# 

1 

250 

RED 

910330152056 

978 

494 

420.9 

9 . 1 

# 

2 

247 

BLUE 

910330172055 

978 

494 

420.7 

8.9 

# 

3 

249 

RED 

910330192056 

978 

494 

419.6 

7 . 8 

# 

4 

248 

BLUE 

910330212101 

978 

494 

415.1 

3.3 

# 

5 

249 

RED 

910330232055 

978 

494 

415.3 

3.5 

# 

6 

246 

BLUE 

910331012055 

978 

494 

414.0 

2.2 

# 

7 

248 

RED 

910331032056 

978 

494 

417.2 

5.4 

# 

8 

234 

RED 

910331072101 

978 

494 

417.9 

6.1 

# 

9 

234 

RED 

910401142106 

978 

494 

407.5 

-4.3 

# 

10 

237 

BLUE 

910401162101 

978 

494 

408.6 

-3.2 

# 

11 

250 

RED 

910401182100 

978 

494 

407.2 

-4.6 

# 

12 

248 

BLUE 

910401202055 

978 

494 

406.0 

-5.8 

# 

13 

247 

RED 

910401222055 

978 

494 

404.5 

-7.3 

# 

14 

236 

BLUE 

910402002100 

978 

494 

405.3 

-6.6 

# 

15 

242 

RED 

910402022055 

978 

494 

410.4 

-1.4 

# 

16 

246 

BLUE 

910402042110 

978 

494 

411.5 

-.3 

# 

17 

215 

RED 

910402062136 

978 

494 

411.8 

.0 


average of weighted red and blue means * 4 411.8 s.d. mean * 5.7 

average standard deviation of observation = 11.7 



NGS ABSOLUTE GRAVITY OBSERVATIONS From aakath91.089 
This drop set has been previously processed for: 
three sigma acceptance limit 
gravitational tide correction 
local atmospheric pressure correction 
ocean loading correction 

DROP SET MEANS SUMMARY 


drop 

set 

num of 
drops 

laser 

mode 

mean 

date/ time 

mean grav 
(ugal) 

sd mean 
(ugal) 

sd obs 
(ugal) 

# 

1 

250 

RED 

910330152056 

978 

494 

429.4 

.9 

14.6 

# 

2 

247 

BLUE 

910330172055 

978 

494 

409.8 

. 5 

8.6 

# 

3 

249 

RED 

910330192056 

978 

494 

429.1 

. 6 

9.0 

# 

4 

248 

BLUE 

910330212101 

978 

494 

406.5 

.5 

8 . 1 

# 

5 

249 

RED 

910330232055 

978 

494 

426.3 

.5 

8.0 

# 

6 

246 

BLUE 

910331012055 

978 

494 

404.9 

.6 

9.7 

# 

7 

248 

RED 

910331032056 

978 

494 

426.2 

.9 

13.7 

# 

8 

234 

RED 

910331072101 

978 

494 

427.2 

.9 

13.6 

# 

9 

234 

RED 

910401142106 

978 

494 

417.0 

1.1 

16.1 

# 10 

237 

BLUE 

910401162101 

978 

494 

397.7 

.7 

10.2 

# 11 

250 

RED 

910401182100 

978 

494 

415.7 

.5 

8.2 

# 12 

248 

BLUE 

910401202055 

978 

494 

396.2 

.5 

8.3 

# 13 

247 

RED 

910401222055 

978 

494 

415.4 

.4 

6.8 

# 14 

236 

BLUE 

910402002100 

978 

494 

397.1 

.6 

8.9 

# 15 

242 

RED 

910402022055 

978 

494 

420.7 

.6 

9.7 

# 16 

246 

BLUE 

910402042110 

978 

494 

401.2 

1.0 

16.2 

# 17 

215 

RED 

910402062136 

978 

494 

420.3 

2.0 

28.6 


10 dropsets weighted mean of red mode observations *4 421.7 5.7 

7 dropsets weighted mean of blue mode observations - 4 402.3 5.3 

average of weighted red and blue means ■ 4 412.0 5.5 

average standard deviation of observation ■ 11.7 



NGS ABSOLUTE GRAVITY OBSERVATIONS From aakath91.089 
This drop set has been previously processed for: 
three sigma acceptance limit 
gravitational tide correction 
local atmospheric pressure correction 
ocean loading correction 

DROP SET MEANS SUMMARY 
OFFSET CORRECTED 


drop 

num of 

laser 

mean 

mean 

grav 

residual 

set 

drops 

mode 

date/time 

(ugal) 


(ugal) 

# 

1 

250 

RED 

910330152056 

978 

494 

419.6 

7.7 

# 

2 

247 

BLUE 

910330172055 

978 

494 

419.5 

7.6 

# 

3 

249 

RED 

910330192056 

978 

494 

419.4 

7.4 

# 

4 

248 

BLUE 

910330212101 

978 

494 

416.2 

4.3 

# 

5 

249 

RED 

910330232055 

978 

494 

416.6 

4.6 

# 

6 

246 

BLUE 

910331012055 

978 

494 

414.6 

2.6 

# 

7 

248 

RED 

910331032056 

978 

494 

416.5 

4.5 

# 

8 

234 

RED 

910331072101 

978 

494 

417.5 

5.5 

# 

9 

234 

RED 

910401142106 

978 

494 

407.2 

- 4.7 

# 

10 

237 

BLUE 

910401162101 

978 

494 

407.4 

-4.5 

# 

11 

250 

RED 

910401182100 

978 

494 

405.9 

-6.0 

# 

12 

248 

BLUE 

910401202055 

978 

494 

406.0 

-6.0 

# 

13 

247 

RED 

910401222055 

978 

494 

405.7 

-6.3 

# 

14 

236 

BLUE 

910402002100 

978 

494 

406.8 

-5.1 

# 

15 

242 

RED 

910402022055 

978 

494 

411.0 

-1.0 

# 

16 

246 

BLUE 

910402042110 

978 

494 

410.9 

-1.1 

# 

17 

215 

RED 

910402062136 

978 

494 

410.6 

-1.4 



average 

of weighted 

red and blue means 

* 4 

412.0 

s.d. mean 


average standard deviation of observation = 11.7 



